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ABSTRACT

Various methods of producing high contrast optical stress
patterns are investigated for use with a coherent fiber bundle-
television viewing system. The most successful method, which
involves a fixed pattern whose reflection is viewed in a flexible
mirror, is incorporated in the design and construction of an
optical touch sensing system for a remote manipulator.
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I, INTRODUCTION

In general the term remote manipulator refers to a machine which
can grasp and maneuver objects by receiving commands from a human
operator (or perhaps a computer) at some remote location. Remote
manipulators are widely used to perform manual tasks which, were it
not for unfavorable environmental factors such as radition, would be
pe;}ormed directly by the human. In such cases the manipulator serves
as a second, remote pair of hands for the operator. |

For example, Figure 1 is a photograph of the AMF Model 8
manipulator used in this project. The handle to the right of the
photograph 1s grasped by the operator, and movements of his hand are
duplicated by the remote jaws or slave hand to the left., By squeezing
the rings at the handle, the operator can close the jaws for grasping.
In this case commands from the operator are carried by direct mechanical
l}nkages. The degrees of freedom provided are sufficient to allow the
jaws to be maneuvered into almost any desired position. In spite of
this, with the AMF manipulator as with remote manipulators in general,
mahipulative tasks are tedious and difficglt. This is partly due to
mechanical inertia and the fact that the jaws provide in effect only
two fingers for grasping. More interesting for present considerationm,
however, is the lack of tactille feedback between the remote jaws and
the operator. The other types of feedback, involving motion, positionm,
force, and vision, are sufficient to enable the operator to form an
identity between the slave hand and his owm. Obviously, if the manipu-

lator were endowed with a sense of touch the identity would be more
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The AMF Model 8 manipulator,

Figure 1.




complete and manipulative tasks would be less difficult., In the ideal
case this sense of touch wruld involve transmitting pressure patterns
encountered by the manipuletor jaws directly to the fingers of the
operator, but due to space limitations this is not possible, and a
substitute sense of touch has been sought.

Figure 2 is a schematic representation of one of the more promising
approaches to the #roblem. It invplves the visual interpretation of
optical stress patterns generated at the remote jaws. The pattern
generator, which forms the bearing (sensing) surface of one of the jaws,
is made of some material which changes optically when stressed so that
when pressed against an object In grasping, regions of contact are
distinguished by a mechanism to be described in detail below, These
optical changes are viewed by the operator through a visual system
consisting of a teievision camera and monitor, and a coherent fiber
bundle., The fiber bundle transmifs the picture from the pattern
generator to the camera, and provides the flexibility necessary to.

follow the maneuverings of the slave hand.

II. PREVIOUS WORK

To determine the effectiveness of the visual approach to tactile
feedback, J.J. Kappl (1) tested éubjects using optical stress patterns
as a substitute sense of touch, For his experiments Kappl used a
photoelastic material (polyurethane rubber) as a pattern generator,
The arrangement, similar to a polariscope, is shown in Figure 3. The

polyurethane is more or less transparent and does not normally affect
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F/_qureJ. Cross section of a photoelastic
pattern generator.



light passing through it, Light, therefore, can pass through the
polaroid sheet, bounce back in phase and pass on through the polaroid
sheet again. When strained, however, the polyurethane polarizes light
passing through it and produces a phase shift proportional to the
strain. Interference occurs, then, at different levels of strain,

and when viewed from the direction shown, dark bands are seen aldng
lires of constant strain in the polyurethane. Since the amount of

" phase shift is also proportional to the wavelength of the light, white
light gives colored bands or fringes. Hence, in a touching operation,
the regions of contact are outlined by these colored fringes.

Comparing a 4 inch square of the photoelastic sandwich assembly
with the human palm, Kappl found that the two performed about equally
well in identifying small objects. The real test of course comes when
the photoelastic pattern generator 1is actually used on the remote
manipulator with the TV and fiber bundle.

Figure 4 shows a manipulator grip deéigned by a 2,671 project
group (2) to fit the AMF manipulator. The pattern generator is the same
type used by Kappl. The polished plexiglas prism allows one surface to
act as a mirror between the fiber bundle and the pattern generator
(by total internal reflection) and at the same time as a window for
1llumination. This enables convenient positioniné of the fiber bundle
and keeps the grip compact.

It was found, however, that although the prism itself worked well
enough the patterns generated by the photoelastic device lacked the
brightness and contrast necessary to produce a visible display using

both the fiber bundle and TV (see Figure 2).
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III, PROBLEM STATEMENT

The problem considered in this project was that of fitting a
remote manipulator with a working optical touch sensing system,
preferably using equipment readily available to the Man Machine éystems
Laboratory of the Mechanical Engineering Department, This equipment
included the AMF Model 8 manipulator, an EMI TV camera and control
un;;, a standard 21 inch TV monitor, and a Bausch & Lomb coherent fiber

bundle. The main problem, then, was to develop a new type of optical

stress pattern generator with improved contrast and brightness,

- IV. _MOIRE TECHNIQUES

The first attempt at an improved pattern generator involved the
use of moire techniques. Such techniques are sometimes used in stress
analysis (3). Basically, a moire pattern generator consists of a grid
or array (such as parallel liﬁes, concentric circles, or dots) printed
on a white background. Over this is laid another (usually identical)
array which is printed on some transparent material. If one érray is
shifted, rotated or deformed relative to the othrer, a moire pattern
results due to apparent intersections of the two gride (references 3 and
4 give a more detailed treatment of this phenomenon). Figure 5 shows
a moire pattern developed by two arrays of concentric circles, where one
array is displaced slightly relative to the other.

Figure 6 shows a moire pattern generator applied to a manipulator

grip. The plexiglas prism serves the same purpose as the one in Figure 4.
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The transparent array i§ rigid, but the Opaqﬁe array is flexible and
is mounted on transparent rubber. Therefore when an object is touched
by the manipulator grip the opaque array 1s free to deform and, in
principle at least, moire fringes similar to those in Figure 5 result.

For experimental testing an array of dots was printed on sheet
rubber coated with white rubber paint (Hypalon, by Du Pont). Printing
was accomplished photographically using silk screening emulsion mixed
with black ink. A 50% (i.e., half clear, half black) half-tone
photographic negative was used both to produce the dots and as the
tranﬁparent array. The density of the.dots was about 150/inch.

An electronic potting compound known as Sylgard 184 (by Dow Corning)
was used as the transparent rubber. This compound is water~clear, has
roughly the same elasticity as a rubber band, is reasonably tough, and
is easily mixed and cured.

When the moire pattern generator was assembled it was found that
contrast and brightness wefe somewhat better than with the photoelastie
pattern generator. This was due to the use of black-on-white array, and
to the fact that the polyurethane rubber (which has the color of maple
syrup) was not needed. Really good contrast and brightness were
prevented by the fact that the moire fringes must be viewed through the
transparent array. The lighter portions of the fringes were at best
only medium gray (see Figure 5).

Figure 7 illustrates another problem with the moire pattern generator =
that of focusing the fringes onto the fiber bundle. For maximum brightness
the lens used for this focusing must be relatively large and, due to

space limitations, relatively close to the pattern generator. As Figure 7
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illustrates, it was found'impossible to focus sharply on bqth the
opaque and transparent arrays at the same time, and the moire fringes
were seriously degraded.

Finally, there was.a problem of sensitivity., Referring again to
Figure 7, iﬁ can be seen that moire fringes can result only if the
flexible array is distorted in a direction perpendicular to the line
of sight. Since in a grasping or touching operation most of the
. forces are applied parallel to the line of sight, the moire pattern
generator can react to only a small fraction of the total distortion.

It was finally decided that, due to the above problems, the
moire pattern generator represented little or no improvement over the

photoelastic material, and it was therefore abandoned.

V. MODIFIED MOIRE TECHNIQUE

Figures 8 and 9 show a modification of the moire pattern genera-
tor designed to improve sensitivity. Hére, the flexible opaque array
has been replaced by a flexible mirror so that the transparent array
acts with its reflection to produce moire fringes. The advantage of
this arrangement comes from the fact that distortions of the mirror
produce curved surfaces which reflect light at an angle to the line of
sight. The optical leverage_which results causes small distortfons
in the mirror to produce large distortions in the reflection of the

array. This process is-discussed more fully in the next section.
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For experimentation, half-gilvered flastic film (from Edmund
Scientific Co.) was used as the flexible mirror. The prism used with
the pfevious pattern generators was discarded since, because of the
mirror, the fiber bundle could see only the reflection of its own
objective lens behind the moire pﬁtterns. To allow adequate back~
ground illumination, the arrangement of Figure 8 was used. In this
cage the prism serves no purpose other than to support the various
components. The fiber bundle views the pattern generator directly,
and the 1lluminated translucent screen provides a bright background
for the moire fringes.

The sensitivity of the modified mpire pattern generator was
found to be quite acceptable, but again the contrast and brightness
of the fringes were degraded by viewing through the transparent array.
It was apparent, however, that although insufficient to produce a
display with the TV-fiber bundle combination, the contrast and bright-
ness were considerably improved by use of the illuminated translucent
screen as a background,

The problem of focusing on both arrays at once was the same as with
the unmodified moire pattern generator, and the modified version was

also abandoned.

V1. REFLECTED GRID TECHNIQUE

Figure 10 shows a pattern generator which, because of its simpli-

city, eliminates the problems encountered with the moire techniques.
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It consists of a single array or grid whose reflection is viewed in
the flexiblé mirror., The grid is coarse enough for the individual
components (squares, dots, lines, etc) to be distinguished, so that
distortions of the grid's reflection are easily seen as discontinuities
in the symmetry of the array. Since the distance from the mirror to
the grid is relatively large, the érid's reflection 1s highly sensitive
to distortions in the mirror, due to the optical leverage mentioned
. previously,

Since only one array is necessary there ig no problgm in focusing
and no reduction in contrast and brightness from viewing through a
transparent array. If the grid is‘printed on translucent material and
1lluminated as shown in Figure 10, very high contrast and brightness
can be obtained with a modest light source.

Tests with the reflected grid pattern generétor in combination
with the TV and fiber bundle showed that a somewhat feeble but
definitely visible display could be obtained, so an optical touch

sensing system using this device was built.

VII. THE OPTICAL TOUCH SENSING SYSTEM

The plexiglas grip of Figure 1l was designed and built to fit the
AMF manipulator. It supports the fiber bundle, light source, and the
pattern generator, The EMI TV camera was mounted on the non—-sliding
section of the manipulator arm. TFigure 12 is a photograph of this

arrangement.
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Figure 12, Above: AMF manipulator arm with TV camera,
fiber bundle, and reflected grid pattern generator
attached., Below: Close-up of slave hand and
pattern generator,
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Figure 13, Photograph of pattern distortions produced in
grasping a pencil with the reflected grid pattern
generator,

Figure14. -®hotograph of the TV monitor screen showing
approximately the contrast of the display produced
by the reflected grid pattern generator using the
TV-fiber bundle viewing system.,
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The general character of the patterns obtained with the reflected
grid technique is indicated in Figure 13, which is a photograph of
the distortion in a checkerboard array produced by grasping a pencil.
The picture was taken by holding the lens of the camera against tﬁe
eyepiece of the fiber bundle.

The TV monitor screen proved difficult to photograph, but Figure
ld,owhich registers only the central portion of the screen, indicates
- roughly the contrast of the final display.

The evaluation of the system of Figure 12 as a substitute sense
of touch has been left for others, but Kappl's work indicates that the
identification of curved surfaces generated in a touching operation
is an important parameter in optical touch sensing, Figure 15 illustrates
the relationship between grid distortions and mirror curvature in the
reflected grid pattern generator. In Figure 15(a), point b on the
grid is seen reflected in point a on the mirror. When an object is
pressed against the mirror as in Figure 15(b), the resulting curved
surfaces cause the mirror at point a to rotate through an angle 6.
Point b' is now seen reflected in point a. For small angles, the distance
between b and b' is given by

bb' = 26L

where L 18 the distance between the mirror and the grid. The curva-
tures of the mirror, then, can be determined from the distance which
points on the grid appear to move.

If a tangential force is applied to a grasped or touched object
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as in Figure 15(e¢), sharper curvatures in the.mirror (and consequently .
greater distortions in the grid) occur at the edge toward which the
tangential force is directed.

For demonstration purposes, a simple manipulative task was
arranged. The objective of the task was for the operator (the author)
to use the manipulator to find and transfer a cylindrical peg from one
hole to another without viewing the task directly. The diameter of the
peg was 1 inch. The two holes were 1-1/16 inches in diameter and were
separated by a distance of 1 foot. (See Figure 16).

Tq make the task managable, two reference'marks were placed under
the handle (i.e., the part grasped by the operator) of the manipulator,
so that when the handle was positioned over a reference mark the slave
hand was positioned over the corresponding hole at the task site. The
method of operation involved moving to the location of the first hole,
securing a grip on the peg, moving it to the location of the second
hole, and probing against the board with the peg until the hole was found.

Several runs were made with and without the aid of the optical touch
sensing system. It was found that 1if the task was completed without
mishap, use of the touch sensing system did not significantly reduce the
time required for completion. However, it was also found that the touch
sensing syséem was of considerable value in preventing and diagnosing
trouble., TFor example, about 207 of the runs without the sensing system
ended in failure because the peg was grasped too near the edge of the
grips and was dropped, either in transit or in probing. With the touch
sensing system a secure grip could always be assured before the peg was

removed from the first hole. .
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Also, because of the raﬁher close tolerances between the peg and
the holes, it was necessary to maintain the peg in a nearly vertical
position. If the peg became disoriented with respect to the grips,
considerable time could be Speﬁt probing with the peg in a position
such that it could never fit into the hole. Such disorientations were
immediately visible with the touch sensing system, and probing could

be giscontinued until the situation was corrected.

VIII. SUGGESTIONS

As pointed out earlier, the touch sensing system of this project
was designed for use with equipment readily available to the Man Machine
Systems Laboratory. Experiments with a fiber bundle-TV system from the
M.I.T. Audio Visual Service showed that equipment which 1s superior
with respect to resolution and contrast gives vastly superior displays.
For future optical touch sensing systems, then, it may be worthwhile
trying to improve the other pattern gederators discarded in this project.
Some of the numerous suggestions made by interested people are discussed
below.

1) Use of a monochromatic light source with the photoelastic
pattern generator (Figure 4) would eliminate coloration of the fringes
which degrade contrast. This still leaves the polarold sheet, the
colored polyurethane, and the reflective paint to hamper brightness and
contrast. Use of a flexible mirror rather than the "silver" (actually
rather gray) paint might help, but a preliminary experiment did not show

. this. In this case the fact that the distorted mirror reflects light
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away at an angle degrades the fringe patterns. A more tramnsparent
photqelastic material, if it.could be found, would help. (The Sylgard
184 gave some very faint fringes).

The photoelastic pattern generator is somewhat similar to the
unmodified moire device in that it is less sensitive to pressure applied
parallel to the line of sight.

# 2) For the unmodified moire pattern generator, the focusing problem
(Figure 7) could perhaps be corrected using a more sophisticated lens
system, such as a collimating lens, or by introducing the transparent
array at a point analogous to the cross-hairs in a telescopic rifle
sight. This leaves the problem of sensitivity.

3) TFor the more sensitive modified moire pattern generator (Figure
8) the focusing problem could be eliminated simply by reducing the
diameter of the lens until the geometry of Figure 7 is acceptable. If
sufficient brightness and contrast remain, this should be a workable

system,
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